[1] The common view for the substorm current system is a current wedge involving principally an azimuthal current system. We first evaluate briefly previous studies that provide strong evidence for the dominance of a meridional current system (MCS) in substorms. Based on these clues, we propose the dynamo for the MCS to be a kinetic current disruption process such that dipolarization is achieved by magnetic field line slippage, thus producing the dynamo action of a tailward directed current with an earthward directed electric field. The total current strength is estimated to be $10 MA for an average substorm size, consistent with that obtained from the KRM algorithm.
Introduction
[2] Magnetospheric substorm is one of the most challenging problems in space plasma research. It is often considered to be a prototype of many impulsive energetic events in the space plasma universe. Presently, there are two major substorm scenarios. The first one relies on magnetic reconnection in the midtail at 20 -30 R E downstream. Earthward plasma flows from reconnection are perceived to be stopped by the strong magnetic field in the outer magnetosphere, building up a pressure distribution that drives the substorm current wedge (SCW) [e.g., Shiokawa et al., 1998 ]. This SCW has long been regarded as a crucial element in substorms [Rostoker et al., 1980] . The second scenario is based on a current disruption process in the outer magnetosphere that relaxes the tailward-stretched magnetic field configuration [e.g., Lui, 1991] . Current disruption (CD) naturally shunts the cross-tail current to the ionosphere, giving rise to the SCW. The midtail substorm phenomena are consequences of this near-Earth CD when its disturbance reaches downstream and instigates additional CD there.
[3] In this article, we first discuss mounting observational evidence that the dominant substorm current system is not the SCW but rather a meridional current system (MCS), sometimes referred to as the Boström type II current system [Boström, 1964] . We then assemble observational clues that lead us to propose a new dynamo.
Observed Evidence for Dominance of Meridional Current System
[4] The early concept of the SCW, once thought to be well established, is now called into question by several detailed substorm investigations. Lopez et al. [1990] studied a substorm with two satellites. The observed magnetic perturbations suggested an outward (from the ionosphere toward the tail) field-aligned current (FAC) feeding into the earthward side of the CD and an inward FAC feeding out of the tailward side of the CD in association with dipolarization. Even a clearer MCS signature is seen at the geostationary orbit [e.g., Nagai, 1987] .
[5] Another significant revelation to the probable misconception of the SCW idea was given by Kamide [1996] . He noted that the east-west ionospheric closure of the substorm current system was over emphasized by most substorm researchers. He cast this as the 1 MA myth. The dominant current system in terms of the total current strength should be the MCS because of its large east-west extent in spite of its weaker current density. The MCS strength could be as strong as 10 MA, as indicated by Ahn et al. [1995] from constructing the global FAC distribution based on the KRM method [Kamide et al., 1981] . Kamide [1996] concluded that a new mechanism is needed to generate the MCS.
[6] Most recently, Akasofu [2003] re-examined three well-established substorm onset phenomena, namely, the sudden brightening of an auroral arc, the sudden growth of the westward electrojet, and dipolarization. He noted that ionospheric closure of the MCS gives the main load to the substorm current system and must therefore be driven by a dynamo in the equatorial plasma sheet with an inward directed electric field. He concluded that the substorm current system is predominantly the MCS.
Clues for the Meridional Current System Dynamo
[7] Let us first consider the electric field pattern in the polar region. By using data from all available high-latitude radars and a polar-orbiting satellite along with ground magnetometers, Kamide et al. [1994] demonstrated that one additional pair of electric potential cells near midnight is generated at the expansion onset, making two pairs of potential cells, see Figure 1 . One pair of cells represents the global magnetospheric convection induced by the solar- GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 18, 1958 , doi:10.1029 /2003GL017835, 2003 wind-magnetosphere interaction. The positive and negative peak potentials of this pair lie near the dawn and dusk meridians, respectively. The second pair of convection cells that appear at the expansion onset lie mainly in the midnight sector, with positive and negative peak potentials at high and low latitudes, respectively. During substorms, these two pairs of convection cells coexist but have separate evolution time scales. Important to our later discussion is the nearly north-south orientation of this substorm pair.
[8] Let us next discuss the FAC during a substorm. Ahn et al. [1995] obtained the development of substorm FAC system through the KRM algorithm using data from a network of ground magnetometers with a realistic conductivity model based upon simultaneous auroral images from the Viking satellite. The resulting substorm FAC shows the dominance of the MCS over the SCW. This is also consistent with the findings of Lu et al. [1997] based on the AMIE algorithm [Richmond and Kamide, 1988] that the FAC has a northeast-southwest alignment in the midnight sector during the early substorm expansion phase. Note that it is very difficult to observe the additional pair of potential cells associated with this MCS along with the usual twin vortex cells from polar orbiting satellites. Kamide and Kokubun [1996] estimated <3% probability for a single satellite to detect the MCS-related cells.
[9] One final clue considered here is the indication of the non-MHD nature of dipolarization [Lui et al., 1999] . A substorm was seen by the ultraviolet imager on the Polar satellite when Geotail observed three significant dipolarizations, see Figure 2 . The observed electric field is compared with the electric field (E) inferred from local plasma flow (V ) and magnetic field (B) based on the MHD condition of E = ÀV Â B. While these two different ways of determining electric fields agree reasonably well outside the dipolarization intervals, large discrepancies exist at and during dipolarization. These discrepancies demonstrate the breakdown of the MHD condition during dipolarization. Since the magnetic field remains rather steadily northward and the observation location is so close to the Earth, the breakdown is unlikely due to magnetic reconnection occurring locally.
A Potential Mechanism for the Dynamo of the Substorm Current System
[10] One mechanism for dipolarization is the cross-field current instability. In this picture, the current sheet is thinned during the substorm growth phase to the extent that ions become unmagnetized while electrons remain magnetized. A large buildup of the cross-tail current density ensues, reaching a threshold high enough to excite whistler waves to impede the cross-tail current flow (see, e.g., Lui [1996] for the candidate plasma instability). This disruption of the cross-tail current is a non-MHD process, allowing magnetic field lines to snap back from the tail-like field configuration to a more dipolar field configuration. Since electrons are still magnetized for this situation and therefore tied to the magnetic field motion, the relaxation of magnetic field from the stretched configuration moves the electrons inward. The ions are left behind because they are unmagnetized and do not follow the field line motion. The differential motion between ions and electrons creates both an earthward directed electric field and a tailward directed current. This is exactly the condition for a dynamo where J Á E < 0, a result of dipolarization created in the non-MHD fashion. This process is sometimes referred to as field line slippage because the plasma motion (dominated by the ion motion because of the heavier ion mass relative to the electron mass) deviates from the field line motion. This process converts magnetic energy into particle energy without the need to create an X-type magnetic neutral line. The overall picture is illustrated in Figure 3 .
[11] One may note from observations that the spatial and temporal scales for CD are small/short compared with those for the entire substorm expansion phase. However, the CD substorm model invokes a domino effect of one CD site instigating other sites [Lui, 1991] . Therefore, the spatial and temporal scales for substorm expansion should be associated with the collective scales from multiple sites activated at different times at progressively more distant magnetotail locations. Also, the temporal scale extends beyond the lifetime of a single CD event since it must include the dissipation time scale of the current system (equivalently, the magnetic field and plasma configuration) once set up by the non-MHD process.
[12] A well-known equation for the FAC is given by [e.g., Sato and Iijima, 1979] 
where B is the magnetic field, r is the mass density, J ? is the perpendicular current density, J in is the inertial current density, is the flow vorticity, and subscript i denotes quantities at the ionosphere. The integral is taken from the magnetospheric equatorial plane to the ionosphere. Note that only the second term in Equation (1) invokes the MHD condition while the other terms are based essentially from the current continuity condition and the equation for the perpendicular current density from summing up all apparent and real particle drifts. Furthermore, long-term effects of kinetic processes could well be represented in the long-time regime of MHD if the consequences of kinetic processes are represented properly. As discussed previously [Lui, 1996] , the first term dominates in forming the FAC in the CD region. Therefore, the sense of FAC is determined by the sign of J ? Á rB, positive for current directed towards the ionosphere and negative for the opposite direction.
[13] The global characteristics of electric potential and FAC distribution from this dynamo are quite consistent with the features discussed in the previous section. More specifically, the charge separation produced in the outer magnetosphere would map to the ionosphere in such a way that a positive potential peak would be located at a higher latitude than the negative peak potential, consistent with the pair of substorm convection cells shown in Figure 1 . The FAC expected from this dynamo would form a MCS, consistent with ground and space observations.
[14] One can estimate the strength of the MCS from this dynamo. Although the magnetic and electric fields during CD and dipolarization are quite variable, it is reasonable to adopt an averaged dawn-dusk electric field to be E y $ 3 mV/m and an averaged north-south magnetic field B z $ 20 nT (see, e.g., Figure 2 ). The electron convection speed associated with the field line slippage is then $150 km/s. Aggson et al. [1983] reported an electric field of $20 mV/m in a dipolarizing magnetic field of $130 nT, giving an electron convection speed of $150 km/s also. Since this dynamo assumes the ion motion to be largely unaffected by the field line slippage, the differential speed between ions and electrons produces a volume electric current density of $24 nA/m 2 if the number density is taken to be 1 cm
À3
. For a current sheet with a half thickness of 0.5 R E at the time of instability onset, the linear current density integrated throughout the current sheet half-thickness is 77 mA/m. At a geocentric distance of $10 R E , the azimuthal length is $1.7 Â 10 7 m/hr of MLT, giving a value of $1.3 MA/hr. The MCS strength for a substorm covering 6 hr and 9 hr MLT is $7.7 MA and $11 MA, respectively, matching well to the magnitude obtained by Ahn et al. [1995] and emphasized by Kamide [1996] .
[15] The above estimate may be compared with several earlier works on MCS. Shiokawa et al. [1998] and Haerendel [2000] invoked the azimuthal pressure gradient that drives azimuthal convection away from the midnight region. Shiokawa et al. obtained a radial current of $0.2 MA/hr assuming a current layer thickness of 5 R E . Birn et al. [1999] found a radial current system from MHD simulation. They did not estimate its strength explicitly. However, their Figure 5 indicates $3 nA/m 2 radial current density within a semithickness of $1 R E at the neutral sheet, putting the strength to $0.3 MA/hr. Both results are substantially smaller than our estimated value by a factor of 4 to 6. Furthermore, azimuthal convection generates two MCSs, with opposite currents for the evening and morning sectors, in contrast to one MCS proposed here.
[16] Note also that the disruption of the cross-tail current cannot account for the observed FAC enhancements. Assuming a linear cross-tail current density of 100 mA/m at the end of the substorm growth phase [Kaufmann, 1987] , equivalent to a 63 nT magnetic field in the lobe, one can show that the tail current needs to be totally disrupted over 20 R E in the X direction to give 10 MA FAC. This is totally unrealistic.
[17] One may estimate the magnitude of an azimuthal current system from blocking the cross-tail current flow based on a kinetic plasma instability. Lui [1996] estimated Figure 3 . Schematic diagrams to illustrate the dynamo action from field line slippage for (a) a meridional current system in the meridional plane (the dashed curve represents the magnetic field line location from dipolarization of the outer solid magnetic field line; hollow arrows denote electric fields from field line slippage) and (b) the meridional and the azimuthal current systems in the equatorial plane (the shaded area denotes the current disruption region; J ? and rB are denoted by hollow and solid arrows, respectively). The generation of the azimuthal current system is the same as that given previously by Lui [1996] . that CD could lead to a FAC density of up to $4 mA/m 2 in the ionosphere. For a latitudional width of $3°for the intense part of the substorm westward electrojet, the azimuthal current system constitutes $1.3 MA. Therefore, CD would only produce a SCW with a current strength about an order of magnitude smaller than that in the MCS.
Summary and Discussion
[18] In this paper, we have examined the observational evidence supporting the dominance of the meridional current system over the azimuthal current system, i.e., the so-called current wedge, for substorms. Observations presented or discussed include (a) in situ measurements in the outer magnetosphere, (b) global field-aligned current distribution deduced from ground magnetic disturbances with a realistic conductivity model through the magnetogram-inversion technique matching with satellite and radar observations, and (c) recognition of the substorm westward electrojet is a Hall current, which is recently emphasized by Akasofu [2003] .
[19] The dynamo for meridional current system in substorms considered previously is azimuthal convection due to high pressure in the midnight region close to the neutral sheet [Shiokawa et al., 1998; Birn et al., 1999; Haerendel, 2000] . This convection produces an electric field E = ÀV Â B in the opposite direction to the diamagnetic current (J ? = B Â rP/B
2 ) from the pressure gradient set up by the accumulative effect of plasma flow braking assuming MHD behavior. The diamagnetic current results from an apparent particle drift due to a density and/or temperature gradient (see, e.g., Figure 3 of Lui [2000] ). Akasofu [2003] has also suggested dawnward convection to create the earthward-directed electric field to drive the MCS. In contrast, the dynamo proposed here is the non-MHD nature of current disruption and dipolarization, i.e., electrons move with the magnetic field lines as the tail-like configuration changes to dipolar-like while ions are left behind because they are unmagnetized, so called field line slippage. A kinetic plasma instability such as the cross-field current instability can produce the turbulence seen in current disruption and can dipolarize the stretched magnetic field in a non-MHD fashion. The expected characteristics of this dynamo show agreement with (a) the substorm convection cells in the ionosphere, (b) the global distribution of fieldaligned currents, (c) the observed total magnitude of the field-aligned current system, and (d) the concomitant azimuthal current system. Lui and Murphree [1998] also showed how this instability favors substorm onset occurring on a pre-existing equatorward-most auroral arc. The instability can be triggered in the mid-tail also. Therefore, field line slippage can occur in the mid-tail, thus allowing the meridional current system to develop further down the tail as a substorm progresses. The non-MHD requirement for the dynamo is basically incompatible with the substorm scenario based on magnetic flux pileup since magnetic flux pileup is an MHD phenomenon that does not produce charge separation as the proposed dynamo.
[20] Recently, Pritchett and Coroniti [2002] performed a three-dimensional particle simulation of current disruption in the plasma sheet with an ion-to-electron mass ratio of 16. They artificially blocked a portion of the cross-tail current at regular time intervals in their simulation. Because of the weak B z component in the simulated region of current disruption, a magnetic reconnection site is formed. The resulting field-aligned current system for current disruption was found to be the meridional current system. Their explanation is based on current continuity without invoking the dynamo as discussed here.
